Rationale While it is well documented that substance users exhibit attentional bias toward addiction-related stimuli, the exact mechanism remains unclear. Objectives To differentiate between distinct aspects of attentional allocation in the smoking-cue attentional bias observed in smokers. Methods Active smokers (AS) and non-smoking controls completed spatial cueing tasks with pairs of smoking and neutral pictorial cues to measure attentional capture, and an attentional blink task with either a smoking or neutral image appearing behind the first target (T1) to measure aspects of attention separate from capture. In addition, we tested groups of sports enthusiasts, and non-enthusiasts in corresponding tasks replacing smoking images with sportsrelated images to address the possibility that effects found in the smoking study were due simply to greater stimulus familiarity.
Introduction
Addictive disorders involve powerful urges to use a substance despite likely unfavorable outcomes. Such urges may be triggered by exposure to addiction-related sensory cues. For example, smoking urges may be triggered by the sight of cigarettes, smoking paraphernalia, or others smoking. Laboratory-based data suggest that such cue-triggered urges result in part from abnormal allocation of attention to drug cues (Franken et al. 2000; Mogg et al. 2003; Field et al. 2005a Field et al. , 2009 Attwood et al. 2008 ). This effect occurs across a wide variety of addictive disorders including those involving nicotine (Waters and Feyerabend 2000; Ehrman et al. 2002; Mogg et al. 2003) , alcohol (Stetter et al. 1995; Townshend and Duka 2001; Field et al. 2004 Field et al. , 2005b , cannabis (Jones et al. 2002 (Jones et al. , 2003 Field et al. 2006) , cocaine (Copersino et al. 2004; Hester et al. 2006) , opiates (Franken et al. 2000; Lubman et al. 2000) , caffeine (Yeomans et al. 2005) , and even gambling (McCusker and Gettings 1997; Boyer and Dickerson 2003) . The frequency with which attentional bias (AB) toward addiction-related stimuli is observed, together with mounting evidence suggesting that the strength of this bias predicts relapse risk (Cox et al. 2002 (Cox et al. , 2007 Marissen et al. 2006; Streeter et al. 2008) , craving levels (Franken et al. 2000; Mogg et al. 2003; Field et al. 2005a Field et al. , 2009 Attwood et al. 2008) , and drug of choice consumption behavior (Waters and Feyerabend 2000; Field and Eastwood 2005) highlights the importance of further investigating such AB.
AB towards drug cues has been demonstrated using a variety of testing paradigms, such as modified Stroop tasks (Stetter et al. 1995; Sharma et al. 2001; Hester et al. 2006) and change blindness paradigms (Jones et al. 2002 (Jones et al. , 2003 (Jones et al. , 2006 . However, perhaps the most commonly employed paradigms are spatial cueing tasks , in which simultaneously presented visual cues (one addictionrelated and one neutral) are followed by a target at one of the locations. Studies of addiction-related AB with spatial cuing tasks have typically employed a variant known as the "dot-probe" task, in which the targets consist of dots or asterisks (Lubman et al. 2000; Townshend and Duka 2001; Ehrman et al. 2002; Bradley et al. 2003; Mogg et al. 2003 Mogg et al. , 2005 Duka and Townshend 2004; Yeomans et al. 2005; Noel et al. 2006 ; but c.f. Bradley et al. 2003 Bradley et al. , 2004 Field et al. , 2005b Field et al. , 2006 . Most of these tasks have required participants to report target locations (Lubman et al. 2000; Townshend and Duka 2001; Ehrman et al. 2002; Duka and Townshend 2004; Yeomans et al. 2005; Noel et al. 2006) , while others have required participants to report some target attribute (Mogg et al. , 2005 Bradley et al. 2004; Field et al. 2004 Field et al. , 2005b Field et al. , 2006 . These spatial cueing-based studies have generally found that substance dependent individuals respond more quickly to targets appearing in the previous location of a drug-related stimulus than to those appearing at the previous location of a neutral stimulus. However, the nature of this AB is not yet clear.
As initially explored by Mogg and Bradley (2002) , different tasks can measure distinct aspects of attentional allocation toward drug cues; drug cue bias may reflect (1) selective attentional capture, in which attention is automatically directed to a drug cue's location, (2) extended hold of attention, in which attention fails to rapidly move on after landing on a drug cue, or (3) generalized heightened vigilance and arousal of attention, in which drug cues induce an overall efficiency in stimulus processing (as in the "alerting" network discussed by Fan et al. 2002) . In the present study, we investigated several aspects of attentional allocation by using complementary attentional task types within the same participants. The first task type is a spatial cueing task, which provides a measure of quick attentional capture when using a short (≤300 ms) time between the onset of the cue and the onset of the target (cue-target stimulus onset asynchrony; SOA). Our first two experiments compared responding to cue-congruent and -incongruent targets using one short (200 ms) and one long (550 ms) SOA. Experiment 3 used a single SOA (200 ms) but included trials with two neutral cues to distinguish between two possible explanations for faster reaction time (RTs) in smokingcongruent trials: facilitation of attentional capture by smoking cues on congruent trials or prolonged attentional hold by the smoking cues on incongruent trials (Koster et al. 2004) . The second task type is a modified attentional blink paradigm, which can provide a measure of attentional hold or a general arousal of attention. The phenomenon of decreased detection of a second target (T2) when it follows a first target (T1) in close temporal proximity in a rapid visual stimulus stream is termed an attentional blink (Broadbent and Broadbent 1987; Raymond et al. 1992; Chun and Potter 1995) . The attentional blink effect is diminished in substance users when T2 is drug-related (Liu et al. 2008; Tibboel et al. 2009 ), but the effects of manipulations of T1 are unknown. If a drug-related T1 increases or prolongs the hold of attentional resources, one would predict a larger or longer attentional blink. Alternatively, if a drug-related T1 induces hyper-vigilance of attention, one would predict attenuation of the attentional blink. Here, we tested these possibilities by comparing smoking and neutral image T1s. Our strategy of testing the same participants with both the spatial cueing and attentional blink tasks allows assessment of the relationship between attentional capture and other attentional effects in nicotine users.
Stimulus familiarity can affect attentional allocation (Chanon and Hopfinger 2008; Parks and Hopfinger 2008) , and an unsettled issue is whether addiction-related AB is specifically associated with addictive processes or rather reflects a more general stimulus salience due to extensive familiarity with drug-related stimuli. Here, we addressed the contribution of stimulus familiarity in a control experiment in which sports enthusiasts and non-enthusiasts completed similar tasks using sports-related images as the salient cues.
Experimental procedures

Experiment 1
Participants
Active smokers (AS; n=23) and non-smokers (NS; n=23), were recruited from the University of North Carolina at Chapel Hill (UNC) Introductory Psychology subject pool and from the campus and surrounding community (see Table 1 for demographic data). AS participants were recruited based on self-report of smoking an average of ≥5 cigarettes/ day (mean=13.9; range: 5-22.5). These participants arrived for testing an average of 96 min after smoking (range: 1-840 min). No explicit instructions were given regarding smoking leading up to study prior to participation. Occasional and ex-smokers were excluded from the NS group. NS participants reported having never regularly smoked in the past. All subjects were between 18 and 40 years of age, free of neurological and psychiatric disease and psychoactive drugs, excepting moderate caffeine or alcohol intake. Subjects were compensated for their participation. All participants gave informed consent and all procedures were approved by the UNC Office of Human Research Ethics.
Materials and procedures
Prior to completing the tasks, participants completed questionnaires regarding smoking and sports watching habits including questions from the smoking section of the World Health Organization's MONICA project (Pekkanen et al. 1992) ; additionally, participants rated current cigarette craving on a scale of 1 (no craving) to 10 (most intense craving ever experienced). This paperwork took~20 min to complete, thus each participant had been without nicotine for ≥20 min prior to completing the behavioral tasks. Behavioral tasks were implemented in E-Prime 1.2 (PST Inc., Pittsburgh, PA) and presented on a color LCD screen in a darkened room. Subjects used a manual keypad for response selection and were given a brief practice session immediately prior to beginning each task. Task order was counter-balanced across participants.
Spatial cueing task Participants completed four blocks of 120 trials each. In each trial, two grayscale images (11.1°× 9.0°) appeared, one on each side of a fixation cross (Fig. 1a) . Grayscale images were used in order to avoid a significant confound to our results due to the high salience of color in visual processing and the potential difficulty in equating the color content of smoking versus neutral cues. Although grayscale images may reduce our tasks' ecological validity, direct comparisons of target detection with grayscale versus color images report equivalent performance (Fabre-Thorpe et al. 1998; Delorme et al. 2000) . Moreover, as participants were instructed to maintain fixation on the cross throughout the experiment, foveal (i.e., color) vision was relatively less engaged by the stimuli. While our use of grayscale images differs from previous addiction-related AB studies, this experimental design is in keeping with the broader field of visual attention (e.g., O'Craven et al. 1999; Corbetta et al. 2005; Bar et al. 2006) , in which color images are more rarely employed unless the effects of color are specifically under investigation (e.g., Bonnel and Prinzmetal 1998; Reeves et al. 2005) . The maintenance of central fixation means that we were exploring covert attentional orienting, although covert effects are comparable to overt attention effects .
Cues were presented for either 150 or 500 ms (ratio 1:1); stimulus duration was pseudo-randomly ordered. Following a 50-ms inter-stimulus interval (ISI), a target appeared for 200 ms. The target was a black and white checkerboard pattern with a red line through the middle (3.6°×3.6°). Participants reported left or right target location with a left or right button press. The inter-trial interval varied randomly between 1, 2, and 3 s. See Fig. 1a for schematic trial depiction. The long and short SOA trials were intermixed within blocks to reduce the likelihood of participants forming temporal expectancies for the targets, leading to anticipatory responses that could differently affect orienting toward each cue type (Hopfinger and Mangun 1998) . Including both short and long display durations was a critical manipulation based on classic studies of reflexive attentional capture, which suggest that reflexive capture occurs with short cue-target SOAs, but that with long SOAs, attention has moved away from the reflexively attended cue by the time the target appears AS active smokers, NS nonsmokers, SE sports enthusiasts, NE non-enthusiasts *p value represents results of a χ (Posner and Cohen 1984) . With 50 ms between cue offset and target onset, a 150-ms cue duration gives a 200-ms SOA, which is well below the SOA where capture effects start to diminish (~300 ms). A pattern of results in which faster RTs for smoking-congruent targets are seen in short but not long SOA trials would suggest reflexive capture of attention by smoking stimuli. In each trial, one image depicted smoking-related content, while the other depicted neutral content. Left or right position of the smoking images was pseudorandomly ordered across trials (ratio 1:1). Each image was randomly drawn from a set of 20 smoking or 45 neutral images (with more neutral stimuli due to more frequent neutral images in the attention blink task described below); selection of each image was independent for each trial. Stimuli were analyzed with respect to their spatial frequency content to ensure the sets did not differ in terms of basic visual properties. On measures of both the spectral peak (neutral: 0.0204, Fig. 1 Schematic depictions of experimental trials in experiment 1. For experiment 2, smoking images were replaced by sports-related images. a One spatial cueing trial. A smoking and neutral cue pair appears for either 150 or 500 ms, followed by an ISI of 50 ms, and then a checkerboard target for 200 ms.
The time between trials varied randomly between 1, 2, and 3 s. In this trial, the target appears in the location of the smoking cue. The bar within the checkerboard appears red in each trial. b One attentional blink trial. T1 occurred in position 4, 5, 6, 7, or 8, and T2 occurred at a lag of 1, 2, 3, 4, or 5 stimuli after T1. The figure depicts a trial in which T1 occurred as the 4th stimulus in the sequence. Numbers and letters in the middle of each image appeared in blue smoking: 0.0205, t (63) =−0.067, p=0.95) and spectral width (neutral: 54.81, smoking: 54.01, t (63) =0.183, p=0.86), the two stimulus sets did not differ. These are objective, quantitative measures of image complexity and provide an indirect measure of brightness within the images. While we did not measure the mean brightness of images directly, differences in brightness should not affect attentional capture (Jonides and Yantis 1988) . Additionally, stimulus sets were matched on percentage of images containing human faces and hands. One key difference between our task and those used in previous drug-cue spatial cueing studies is the fixation point that remains on the screen throughout each trial. This is to eliminate confounding contributions of automatic, reflexive attention unrelated to the image cues. In particular, both sudden onsets and offsets capture attention (Theeuwes 1991; Pratt and McAuliffe 2001; Hopfinger and Maxwell 2005; Hopfinger and West 2006) . Thus, sudden fixation cross offset could mask spatial shifts in attention to the smoking cues, especially in short SOA trials. More specifically, if the fixation cross disappeared at target onset, attention would likely be drawn to the screen's center, competing with attentional shifts to the smoking cues.
Attentional blink task Participants completed three blocks of 50 trials each. Each trial consisted of a rapid serial central presentation of 16 grayscale images (11.1°×9.0°) for 80 ms each, with 0-ms ISI (same sets used in the cueing task). Superimposed on each image was a blue, capitalized letter or numeral. Participants were instructed to ignore the letters and detect the numerals in each trial (Fig. 1b) . The numerals 0, 1, and 5, and the letters O, I, and S were omitted due to similar appearance. There were two target numerals in each trial (T1 and T2). At trial end, participants reported the numerals seen via a 10-key pad. T1 was superimposed on either a smoking-related or a neutral image (1:1 ratio); T2 always appeared on a neutral image. The lag between T1 and T2 varied between one (T2 immediately following T1) and five.
Data analysis
Spatial cueing RT values were calculated for 200-and 550-ms cue-target SOA trials. We quantified bias for smoking images versus neutral images according to this equation:
where RT N and RT S are the mean RT to targets appearing in the location of neutral and smoking images, respectively. Data reported for correct trials only; average accuracy was 98.6±2.1%.
Attentional blink We calculated the accuracy of T2 responses on trials in which the T1 response was correct (T2|T1), separated by T2 lag, and by T1 type (neutral or smoking-related). We calculated AB for smoking images versus neutral images according to this equation:
where ACC S and ACC N are T2|T1 for smoking and neutral T1's, respectively. A positive number would support the hypothesis that smoking images promote attentional vigilance, while a negative number would suggest that smoking images draw more sustained processing by attention systems.
General Single factor comparisons between subject groups employed unpaired two-tailed t tests for continuous variables and χ 2 tests for categorical variables. Multifactorial comparisons employed mixed repeated measures analyses of variance (ANOVA; SPSS), with group as a between subjects factor. Where sphericity assumptions were violated, a Greenhouse-Geisser correction was applied. Post hoc paired comparisons were performed where indicated using two-tailed t tests. To ensure the validity of parametric statistical tests, when data were not normally distributed, an arcsine-root transformation was applied prior to statistical tests. To estimate which demographic and psychometric variables had the greatest predictive value for the smoking-cue effects on AB, we carried out linear multiple regression analyses in SPSS. For each multiple regression analysis, we entered variables stepwise, divided into two blocks. The blocks were as follows: block 1-age, sex; block 2-average number of cigarettes/day, time since last cigarette, craving rating (1-10), estimated time to next cigarette, and years since smoking onset.
Experiment 2
Participants
Recruiting was as for EXPERIMENT 1, except that rather than AS and NS, EXPERIMENT 2 included sports enthusiasts (SE; n=17) and non-enthusiasts (NE; n=17; see Table 1 for demographic data). Group assignment was based on scores from a lab-developed questionnaire about sports viewing habits (included in the online Supplementary material); football and basketball scores were weighted more heavily, as the experimental stimuli featured those sports. The top third of scorers on the scale (range: 146-239) was recruited to the SE group, and the bottom third (range: 24-75) was recruited to the NE group. On average, the SE group rated their sports watching enjoyment at 8.9 (on a scale of 1-10), versus 3.4 for the NE group (t (32) = 10.75, p<0.001); the SE group reported watching an average of 12.6 h of sports per week, versus 1.7 h for the NE group (t (32) 
Materials and procedures
Materials and procedures were identical to those for EXPERIMENT 1, except that salient cues depicted football and basketball content rather than smoking content. The sports stimulus set was also analyzed with respect to spatial frequency content to ensure that it did not differ from the neutral set in terms of basic visual properties. The neutral and sports stimulus sets did not differ in terms of spectral peak (Neutral: 0.0204, Sports: 0.0212, t (63) =0.598, p=0.55) or spectral width (Neutral: 54.81, Sports: 52.26, t (63) =0.478, p=0.63).
Data analysis
Approach was as for EXPERIMENT 1, with the following modifications. The blocks for multiple regression analyses were as follows: block 1-age, sex, and group (SE or NE); block 2-self-reported ratings (scale: 1-10) of: (1) athleticism, (2) live sports watching enjoyment, (3) TV sports watching enjoyment, (4) hours of sports watched on TV by season, (5) hours sports watched live by season, and (6-12) ratings of how closely the participants follow different sports including: professional football, college football, professional basketball, college basketball, professional hockey, Major League Baseball, and college baseball (scale:1-10). RT calculations included correct trials only; average accuracy was 98.8±0.2%.
Experiment 3
Participants
Participants were recruited to participate in a functional magnetic resonance imaging (fMRI) study (AS, n=12; NS, n=12; fMRI results reported elsewhere) or to complete the same task outside of the fMRI scanner (AS, n=8; NS, n=9; see Table 1 for demographic information on all participants). Recruitment criteria were as for EXPERIMENT 1, with the exception that participants recruited for fMRI scanning had no contraindications to fMRI. The AS group smoked an average of 11.6 cigarettes/day (range: 5-20).
Materials and procedures
Participants completed a spatial cueing task as in EXPERI-MENT 1 with three modifications: (1) in addition to smokingcongruent and smoking-incongruent trials, trials with two neutral cues preceding the target were included, (2) the target screen included one dot in one image location, and two dots in the other location; participants reported the location of the two dots, and (3) only the short (200 ms) SOA was included.
Data analysis
Approach was the same as for EXPERIMENT 1, omitting multiple regression analysis.
Results
Experiment 1 (smokers versus non-smokers)
Spatial cueing
A mixed model ANOVA taking RT as the dependent measure indicated no significant main effect of subject group (F (1,44) =1.24, p=0.27), suggesting that both groups performed the task equally well. We did detect a significant main effect of cue-target SOA (F (1,44) =17.18, p<0.001), with faster RTs to targets following short (358±45 ms) versus long (367 ± 53 ms) SOAs. We also found a significant main effect of cue type (F (1, 44) =18.27, p< 0.001), such that RTs were longer for smoking-incongruent trials (365±50 ms) versus smoking-congruent trials (360± 48 ms). Most importantly, we found a significant three-way interaction between cue type, SOA, and group (F (1,44) = 44.00, p=0.018). To determine the source of this interaction, we calculated a cue type bias measure (RT Bias Index; Eq. 1), and evaluated the effects of SOA and subject group on cue bias using a mixed model ANOVA. This analysis revealed a significant main effect of SOA (F (1,44) =16.41, p<0.001; Fig. 2a ) due to a significantly greater smoking cue bias with a 200 ms cue-target SOA than with a 550-ms SOA (7.15 ms versus 2.34 ms; Fig. 2a) , and a significant SOA×group interaction (F (1,44) =6.08, p=0.018). Post hoc t tests for each SOA suggest that this interaction is based on greater AB toward the smoking cues in the AS group at the 200-ms SOA (AS: 9.69 ms, NS: 4.61 ms; t (45) =2.11, p= 0.040; Fig. 2a ), but not at the 550-ms SOA (AS: 1.95 ms, NS: 2.73 ms; (t (45) =0.30, p=0.77); Fig. 2a ). These findings provide evidence that smoking cues selectively capture attention at a pre-volitional level in active smokers.
Multiple linear regression analysis of the RT Bias Index (Eq. 1) tested whether demographic or smoking habit severity factors significantly predicted the cue type effect on RT in AS. The sole factor predicting AB magnitude for the 200-ms SOA was average number of cigarettes smoked daily, with heavier smokers showing a larger bias toward smoking cues (t (22) =2.25, p=0.038; Table 2 ). Magnitude of the 500-ms SOA bias was predicted by the time since last cigarette, with longer abstinence predicting smaller bias (t (22) =4.35, p<0.001; Table 2 ).
Attentional blink
On average, participants responded correctly to 79.4±1.9% of T1s. The dependent measure of interest was T2|T1 for each of five T1-T2 lags. A mixed model ANOVA indicated no significant main effect of subject group (F (1,44) =3.36, p=0.07) or cue type (F (1,44) =0.59, p=0.47) on T2 detection. However, as expected for an attentional blink paradigm, we observed a significant effect of T2 lag (F (4,41) =11.98 p<0.001); T2 detection decreased from lag 1 to lag 2, then increased over the remaining lags (lag 1: 91.4% lag 2: 80.2%, lag 3: 81.9%, lag 4: 83.0%, lag 5: 85.6%). These data suggest that the normal attentional blink pattern was obtained, including lag-1-sparing (Raymond et al. 1992) . Taking the cue type bias (Blink Bias Index; Eq. 2) as our dependent measure, an ANOVA revealed a significant main effect of lag (F (4,41) =7.13 p=0.011). There was no significant effect of group (F (4,41) =3.10 p=0.09), and a trend towards a group×lag interaction (F (4,41) =3.37 p= 0.06). At the attentional blink peak (lag 2) there was a significant difference between groups (t (44) =2.11, p=0.043; Fig. 3a) . Bias effects in the attentional blink task did not significantly correlate with those in the spatial cueing task (minimum p=0.14).
Multiple linear regression analysis of the AS bias data was used to determine whether any of the demographic or self-reported smoking habit severity factors had significant predictive value in terms of the cue type effect on the attentional blink. The only factor predicting AB magnitude at lag 2 was the estimated time to smoke the next cigarette, where those planning to smoke sooner exhibited a larger bias measure (that is, more correct T2 responses following smoking T1s versus neutral T1s; t (22) =2.22, p=0.040; Table 2 ).
Experiment 2 (sport enthusiasts versus non-enthusiasts)
Spatial cueing
Unlike EXPERIMENT 1, a mixed model ANOVA for RT found no significant main effects of cue type, cue-target SOA, or subject group (minimum p=0.14). Calculated AB toward sports images for each group and cue-target SOA are shown in Fig. 2b . These results suggest that the effects observed in EXPERIMENT 1 are not likely to simply reflect stimulus familiarity in the AS group. Given the unequal sex ratio between SE and NE groups (Table 1) , we separately investigated sex as a factor, finding that females responded more slowly to targets following the 550 ms Fig. 2 Reaction time bias measures from the spatial cueing paradigm. a Experiment 1. Non-smokers (NS) showed a small bias toward smoking cues for both stimulus onset asynchronies (SOAs), while smokers (AS) showed a stronger bias to smoking cues in the 200-ms SOA condition, and a small bias in the 550-ms SOA condition. A mixed model repeated measures ANOVA demonstrated a significant SOA×subject group interaction (F (1,44) =6.08, p=0.018). b Experiment 2. Familiarity with sports-related images had no effect on target reaction times in either sports enthusiasts (SE) or non-enthusiasts (NE). A mixed model repeated measures ANOVA found no significant main effects or interactions Independent t tests with the bias measures revealed a significant group difference (t (32) =3.09, p=0.004; Fig. 3b ) at lag 3 in which the SE group's attention was more available for T2's following sports-related T1s compared to neutral images; the NE group showed the opposite pattern. These results are similar to the difference found between smokers and non-smokers in EXPERIMENT 1 (Fig. 3a) . Multiple Regression analysis revealed that group was a significant predictor of lag 3 bias, an effect that was independent of the sex differences between groups.
Experiment 3 (spatial cueing effect of smoking cues: facilitation versus distraction)
Spatial cueing task: smoking-neutral versus neutral-neutral trials
A mixed model ANOVA found a significant cue type×group interaction (F (2,38) =6.952, p=0.003). Post hoc t tests revealed that AS responded significantly faster to smoking-congruent targets than to smoking-incongruent targets (t (19) =4.398, p< 0.001) or to targets in trials with two neutral cues (t (19) = 2.180, p=0.042); this effect was not observed in the NS group (congruent versus incongruent: t (20) =0.956, p=0.35; congruent versus two neutral: t (20) =0.595, p=0.56). These results indicate that the effects found in the cueing task in EXPERIMENT 1 are likely due to facilitated attentional capture rather than to attentional hold by the smoking-related images. Given the unequal ethnicity ratio between the AS and NS groups, we separately investigated ethnicity as a factor. There was no significant main effect of ethnicity and no ethnicity×cue type interaction (minimum p=0.28).
Discussion
Although AB toward addiction-related stimuli is commonly reported, how the brain's attentional systems are affected to render such bias has remained unclear. For example, it is not clear whether this bias reflects a substance users' attention being selectively drawn towards drug-related items, or being held for longer periods and/or more extensive processing. Here, we investigated this issue using multiple attention tasks within subjects. Our data indicate that active nicotine use is associated with selective capture of attention by smoking cues, an effect that is positively correlated with smoking habit severity. Classic studies of attentional capture by a reflexive cue found that short cue-target SOAs (up to~300 ms) produce facilitation of processing at the cued location, while longer SOAs do not, and may produce an inhibition of return (IOR), in which processing is enhanced for cue-incongruent targets (Posner and Cohen 1984; Klein 2000) . Here, we Fig. 3 T2|T1 accuracy bias measures from the attentional blink paradigms. a Experiment 1. Non-smokers (NS) showed a slight bias toward extended attentional processing of T1's superimposed on smoking-related images, while smokers (AS) showed the opposite result. b Experiment 2. Non-enthusiasts (NE) showed a slight bias toward extended attentional processing of T1's with sports-related images in the background, while sports enthusiasts (SE) showed the opposite result, showing a pattern of responding very similar to that of smokers in Experiment 1 (a) found that smokers' responses to smoking-cued targets were like those in classic reflexive cueing studies, supporting the interpretation that involuntary attentional capture by cigarette cues is enhanced in smokers, as the 200-ms SOA is not sufficiently long to allow voluntarily direction of attention toward smoking cues. The positive correlation between the AB at the 200-ms SOAs and the number of cigarettes smoked per day suggests that this attentional effect provides an objective index of smoking addiction severity. This absence of reflexive attentional capture in the control experiment with sports enthusiasts, suggests that the attentional capture effect in smokers is not due simply to the familiarity of the smoking cues. We speculate that this enhanced attentional capture reflects alteration of the brain's object detection system as a result of addictive processes. The incentive-sensitization theory of addiction posits that repeated use of an addictive substance heightens the "incentive salience" of stimuli associated with using that drug, leading to increased attention toward, and processing of such stimuli (Robinson and Berridge 1993) . A similar theory posits that as drug-related stimuli become associated with substance use, exposure to such stimuli increases dopamine release in corticostriatal circuitry, drawing attention to these stimuli; this heightened attention increases perception and processing of drug cues, helping to perpetuate the cycle of drug use (Franken 2003) . It is important to note that smoking habit duration varied among our AS group, with a large portion of relatively novice smokers; we would expect larger group differences with more experienced smokers in the AS group. Additionally, based on the wide range of "time since last cigarette" in this study, the dependence and/or withdrawal levels within the AS group was quite variable. While this variation allowed us to use regression analysis to assess individual differences, it potentially diluted the attentional effects in our AS group, which should be considered in future studies.
The current finding of quick attentional capture by smoking cues in smokers is consistent with results from previous studies of smoking cue bias using spatial cuing tasks. While few studies have used such short cue presentations, Bradley et al. (2004) also found a greater bias towards smoking cues in smokers relative to non-smokers using a 200-ms cue. That study also found AB towards smoking cues with a 2000-ms SOA, a finding confirmed in other studies Mogg et al. 2005) , which would seem to contradict our finding of no bias at a longer SOA (550 ms). However, studies of the time course of reflexive attention indicate that capture, and subsequent IOR, decays over a period of seconds and that by 1,500-2,000-ms IOR may be extinguished (Coward et al. 2004; Zhou 2008) , allowing voluntary attentional processes to take over. Thus, the targets presented at the long SOA in Bradley and colleagues' study may have appeared outside the temporal window for reflexive attention and IOR. The fact that Bradley et al. (2004) observed a bias towards smoking cues using a 2,000-ms SOA suggests that additional attention factors, such as voluntary deployment of attention, may also play a role in addiction-related bias. Another spatial-cueing study providing support for quick capture of smokers' attention by smoking cues is that of Mogg et al. (2005) , which found that most mildly dependent smokers more often made their first fixation to a smoking cue than did nonsmokers. Importantly, our inclusion of trials with two neutral stimuli in EXPERIMENT 3 allows us to definitively conclude that smoking cues are facilitating responses to smoking-congruent stimuli in active smokers. This latter result strongly supports the interpretation that smoking cues reflexively capture the attention of smokers.
While studies using very short or very long cue presentations provide fairly consistent evidence of smoking-cue bias in smokers, results from studies using a middle range of timings are more variable. Here, we found no AB with a cue-target SOA of 550 ms, but two studies using 500-ms cue durations found conflicting results Ehrman et al. 2002) . This discrepancy likely reflects the proportion of smokers in those studies who had made repeated quit attempts. Although we did not collect information as to quit attempts in our participants, the fact that they were a largely novice group of smokers would suggest that few had made repeated quit attempts. Interest in quitting and repeated quit attempts could produce bias effects at the longer cue presentation based a greater contribution of volitional control of attention. Individuals trying to quit smoking may actively attend to smoking cues in an effort to avoid cigarettes and smoking-related situations. In addition, the other studies using a mid-range SOA used color images and a small dot or asterisk target, each of which might have contributed to differences in our results.
A potential caveat for this study is the possibility of group differences in nicotine levels during testing, given the attention-enhancing effects of nicotine (Wesnes and Warburton 1984; Koelega 1993; Stolerman et al. 1995; Foulds et al. 1996; Mancuso et al. 1999; Newhouse et al. 2004 ). However, the possibility that the observed group differences are due solely to differences in nicotine levels can be refuted by several arguments. First, plasma nicotine falls back to baseline levels within 10 min after smoking a cigarette (Sakurai and Kanazawa 2002) ; our subjects arrived for testing an average of 96 min after smoking, and testing begañ 20 min after arrival. Second, our regression analyses did not identify any significant correlations between bias effects and reported time from last cigarette. Despite this evidence, it remains possible that acute nicotine played a role in the observed effects; future tests of whether acute nicotine administration, or short-or long-term abstinence modulates these attentional effects will prove informative. A related concern is the effect of caffeine consumption on attention, as cigarette smokers are reportedly more likely to consume caffeine (Istvan and Matarazzo 1984) , which also affects attentional processing (Lorist et al. 1994) . While caffeine would not be expected to selectively affect attention toward smoking-related cues, future studies would benefit from quantifying and controlling for caffeine use.
A few attentional blink studies have shown that a drug-related T2 can preferentially capture the attention of addicts (Liu et al. 2008; Tibboel et al. 2009 ); however our novel test of the effects of T1 manipulation in an attentional blink paradigm found that detection of T2 was enhanced by a smoking-related T1 for smokers or a by sports-related T1 for sports enthusiasts. While our paradigm is novel, some published studies shed light on our results. First, Most et al. (2005 Most et al. ( , 2007 have described an "attentional rubbernecking" phenomenon caused by emotional stimuli in attentional blink tasks. Specifically, processing of a target was interrupted when it appeared shortly after an emotionally charged stimulus. Similarly, Munafo et al. (2005) found that cigarette-related words presented within a rapid stream can interrupt processing of a subsequent target in some smokers. A difference between these and more typical attentional blink studies (including our own) is that the critical stimuli that interrupt target processing are irrelevant to the task (i.e., they are not targets). This difference may be functionally important, as Most and Junge (2008) recently showed that the interruption of T2 processing by emotionally charged stimuli disrupts lag-1-sparing, in which T2 detection is not impaired when it immediately follows T1. Here, in EXPERIMENT 1, in addition to lag-1-sparing, smokers more accurately detected T2s at lag 2 following a smoking T1, which is when the attentional blink usually peaks. These data would appear to support the idea that when smokers view a smoking-related T1, instead of experiencing a "rubbernecking" effect, in which their attention is preferentially held by that T1, they experience a general increase in attentional vigilance temporally extending to the detection of T2 beyond lag 1.
An alternative explanation to the increased vigilance theory is that, in our task design, the images appearing in the background are interrupting the foreground task of numeral detection, including processing of the T1 (numeral) stimulus. Supporting this interpretation is a recent study showing that visual processing resources were withdrawn from relevant foreground stimuli by an emotionally arousing image presented in the background (Muller et al. 2008) . If arousal caused by the smoking images interfered with smokers' processing of the T1 numerals, then T2 processing would be expected to be enhanced following a T1 superimposed on a smoking cue, as we observed here. While the preceding interpretation of our attentional blink results could be consistent with heightened attentional capture to the background task by smoking cues, two pieces of evidence argue against that interpretation. First, the bias effects measured at each lag of the attentional blink task were not correlated with any of the bias effects on the cueing task. This suggests that our attentional blink task is measuring an aspect of attentional allocation independent of reflexive attentional capture. Second, the effects of smoking cues on smokers' attention observed in the attentional blink task were similar to those of sports cues on sports enthusiasts' attention. Specifically, at lag 3, when the attentional blink should be near its peak, sports enthusiasts showed a larger blink for T2s following neutral T1s than for those following sports-related T1s. Another possibility is that stimulus familiarity effects are playing a role in the AB measured by our attentional blink paradigm. Indeed, recent evidence suggests that cue familiarity can alter T1 processing in attentional blink paradigms (Parks and Hopfinger 2008) . Thus, while the specific attentional blink paradigm used here may not provide a reliable measure of attentional hold, it seems to index some other experience-dependent measure of attentional allocation. The results of our multiple regression analysis, suggest that this aspect of attentional allocation may be related to addictive processes, as participants' reported time to next cigarette predicted the size of the observed bias effect.
In summary, the current study indicates that smokers' attention can be reflexively captured by smoking-related stimuli; however, much remains to be learned about addiction-related AB. For example, further investigation of attentional hold by smoking cues in nicotine users is needed. Moreover, the neural mechanisms of addictionrelated AB remain virtually unknown. Elucidating these mechanisms via neuroimaging and behavioral pharmacology studies is particularly warranted. An open and critical question is whether medications that reduce drug craving do so in part via effects on attentional processing. The present spatial cueing paradigm may prove useful in this regard. Ultimately, laboratory-based studies testing the diminishment of the smoking-related AB in response to therapeutic interventions could prove critical for identifying novel effective treatments for addiction.
